The Philadelphia chromosome is present in more than 95% of chronic myeloid leukemia patients and 13% of acute lymphocytic leukemia patients. The Philadelphia translocation, t(9;22), fuses the BCR and ABL genes resulting in the expression of leukemia-specific, chimeric BCR-ABL messenger RNAs. To facilitate diagnosis of these leukemias, we have developed a method of amplifying and detecting only the unique mRNA sequences, using an extension of the polymerase chain reaction technique. Diagnosis of chronic myeloid and acute lymphocytic leukemias by this procedure is rapid, much more sensitive than existing protocols, and independent of the presence or absence of an identifiable Philadelphia chromosome.
Chronic myeloid leukemia (CML) was the first disease shown to be consistently associated with a cytogenetic abnormality now known as the Philadelphia (Ph1) chromosome (1) . The abnormality usually involves a reciprocal translocation of chromosomes 9 and 22 (2) , and more than 95% of CML patients have this defect. The translocation involves the movement of most of the ABL protooncogene (3, 4) on chromosome 9 to the BCR or "breakpoint cluster region" gene on chromosome 22 (5) . Expression of the fused genes results in a chimeric 8.5-kilobase (kb) mRNA transcript (6) and a large 210-kDa translation product, P210, with increased tyrosine kinase activity relative to the normal ABL protein (7) .
The chromosomal abnormalities in acute lymphocytic leukemia (ALL) are more heterogeneous in nature than those found in CML, but a significant proportion of ALL patients carry Ph' chromosomes in their leukemic cells. For example, some 6% of children with ALL are Ph' chromosome positive (8, 9) , and it is the most common chromosomal abnormality in adult ALL, with an incidence of 17-25% (10, 11) . Ph' chromosomes of CML and ALL patients are indistinguishable by cytogenetics (12) . Although studies have shown that the chromosomal breakpoints in ALL can lie outside the BCR gene (13, 14) , recent complementary DNA cloning results (15) (16) (17) indicate that in many cases a more 5' BCR exon is used in the formation of the BCR-ABL mRNA, while the downstream ABL sequence remains the same as in CML.
With the latest ALL findings, there are now known to exist at least three distinct BCR-ABL mRNAs, two of which are derived from variants of CML and one from ALL. These mRNAs contain one ofthree different BCR exons fused to the same ABL exon.
Present means of diagnosing CML and ALL may include some combination of morphological, cytochemical, cytogenetic, immunological, and molecular analyses. Each is a Ph'-chromosome-positive cell line (19) and HL-60 is a Ph'-chromosome-negative myeloid line (20) . SUP-B15 is a Ph'-chromosome-positive line derived from an ALL patient (21) , and Jurkat is a Ph'-chromosome-negative T-cell leukemia line (22) .
Immunotype and Karyotype Analysis. Immunotype analysis of BCR and ABL proteins was done by using ABLspecific antisera (23, 24) . The antisera used were: normal rabbit antiserum; rabbit anti-pEX2 antiserum specific for the ABL protein kinase domain; and rabbit anti-pEX5 antiserum specific for the carboxyl-terminal region of ABL. Labeling of proteins was done by the in vivo ortho[2P]phosphate method (23) or in the in vitro kinase assay (24) . Samples were analyzed by NaDodSO4/PAGE on 8% gels followed by autoradiography. Determination of karyotypes was done at the University of California, Los Angeles, cytogenetics laboratory.
RNA Isolation. RNA was isolated from cell lines as described (25, 26) . Total cellular RNA was isolated from clinical samples by a guanidinium isothiocyanate solubilization/LiCl precipitation procedure (27) . One microgram of cell line RNA was used as template for the amplification reactions (see below), and 1/10th of the total sample (5 (32, 33) . To prevent evaporation, 150 ,ul of mineral oil was added, and the reaction was started by denaturing the RNA cDNA hybrid by heat (95°C) for 20 sec, annealing the primers for 15 sec at 55°C, and then extending the primers at 72°C for 1 min. Heat denaturation started the cycle over again and was repeated 40-50 times by using a programmable heat block designed and manufactured by Cetus (Emeryville, CA). After the final cycle, the temperature was held at 72°C for 10 min to allow reannealing of the amplified products and then was chilled.
Analysis of PCR-Amplified Products. Ten microliters of each reaction mixture was run on composite gels containing 3% NuSieve/1% SeaKem agaroses (FMC, Rockland, ME) in Tris/borate/EDTA (TBE) buffer. Gels were stained with ethidium bromide, photographed, and transferred onto ZetaProbe membranes (Bio-Rad) by using an alkaline transfer protocol (34) or onto nitrocellulose by the method of Southern (35 Fig. 1 D and E) showed the characteristic 210-kDa BCR-ABL fusion protein, while patient 1 (Fig. 1B) showed only the normal P145 ABL polypeptide. Fig. 1 A and C show K562 cell controls that synthesize both P210 and P145 proteins. (23) . The data in C-E were obtained by using the in vitro kinase assay (24) . Samples were analyzed by NaDodSO4/ PAGE on 8% gels followed by autoradiography. K562 Polymerase Chain Reaction (PCR) Analysis of Clinical Samples. The four clinical samples were analyzed "blind" by the PCR method. BCR-ABL RNA sequences from the four samples were PCR-amplified by using the CML-specific amplification primers CML A and CML B (see Fig. 2 and Materials and Methods for details on PCR primers and probes). The PCR products were analyzed by Southern blot (Fig. 3 Left) with oligonucleotide CML C, which hybridizes only to BCR exon 3/ABL exon II junctions. The amplified DNA from patient 3 ( Fig. 3 Left, lane 3) and the positive control K562 hybridized to the probe, showing that their BCR/ABL junctions are the same. The Ph1-chromosomenegative HL-60 sample, which did not hybridize to CML C, contains only normal BCR and ABL sequences and was used as a negative control. The same blot was then stripped of the CML C probe and rehybridized with CML D, which is specific for BCR exon 2/ABL exon II junctions. Clinical samples 2 and 4 ( Fig. 3 Right, lanes 2 and 4) both hybridized strongly to this probe, showing that their BCR/ABLjunctions are the same but are different from those of patient 3 and K562 mRNAs. The sample from patient 1 (lane 1) hybridized to neither probe, consistent with the Ph'-chromosomenegative cytogenetic diagnosis and the lack of P210 BCR-ABL protein.
Sensitivity of the PCR Assay. To determine the sensitivity of the assay, a dilution experiment was conducted. K562 cytoplasmic RNA was diluted in steps from 1 to 6 orders of magnitude by using 10 ,g of yeast RNA per ml as the diluent as Ph' chromosome positive, whereas patient 1 was Ph' negative. Samples were amplified by using CML A and B, and 1/10th of the amplification products were analyzed on agarose gels, transferred to nylon membranes, and probed. K562 (1988) 1 2 3 4 5 6 7 8 9 FIG. 4. Sensitivity of PCR assay. Slots: 1, K562 RNA; 2-7, dilutions of K562 RNA by 1-6 orders of magnitude, respectively; 8 and 9, buffer and Jurkat mRNA-negative controls, respectively. One microgram of K562 total cytoplasmic RNA was used as the initial sample (slot 1); consecutive 1:9 dilutions were made with yeast RNA at 10 ,ug/ml as diluent. Samples were amplified by using primers CML A and B as described in Fig. 3 . One-tenth of the reaction mixture was bound to nitrocellulose by using a Schleicher & Schuell slot-blot apparatus. Probing was done with CML C as in Fig. 3 .
Jurkat is a Ph1-chromosome-negative T-cell control RNA.
and carrier for the reverse transcriptase-PCR reaction. The PCR products were analyzed (Fig. 4) in a slot-blot format by probing with the CML A oligonucleotide, which is specific for the BCR exon 3/ABL exon II junction sequence. Slots 2 through 7 in Fig. 4 are order-of-magnitude dilutions of PCR products in slot 1. Slots 8 and 9 are negative controls consisting of yeast RNA diluent and Jurkat cell mRNA, respectively. With the undiluted RNA sample being 1 jig (slot 1), the final dilution represents 1 pg of K562 RNA (slot 7) . A positive hybridization signal was easily detectable at the 5-order-of-magnitude dilution (slot 6). There was 10 pg of K562 RNA at this dilution, but since only 1/10th of the reaction mixture was actually analyzed, the signal was derived from the amplified product of 1 pg of total cytoplasmic RNA.
PCR Analysis of a Ph'-Chromosome-Positive ALL Cell Line.
To test the PCR amplification method in the case of ALL, RNA was isolated from SUP-B15, a cell line derived from a Ph'-chromosome-positive ALL patient (21) . This cell line has been shown to express a P185 BCR-ABL protein and a 7-kb BCR-ABL transcript (15, 24) . ALL-specific BCR-ABL RNA sequences were amplified with PCR oligonucleotide primers ALL E and F (see Fig. 2 and Materials and Methods), and the products were analyzed by probing a Southern gel with the ALL G oligonucleotide (Fig. 5) . The same downstream oligonucleotide used for CML (CML B) could have been used for ALL, but a different one was used in ALL to make a larger PCR product; also this keeps the CML primers separate from ALL primers, which helps to prevent cross-contamination. In this case, K562 and patients 1 through 4 were used as negative controls. Only the amplification reaction from SUP-B15 RNA gave a strong hybridization signal in this experiment, demonstrating that Ph1-chromosome-positive ALL BCR-ABL mRNA sequences can easily be distinguished from Ph1-chromosome-positive CML BCR-ABL mRNA by this method.
DISCUSSION
The advent of PCR technology (18, 32) has greatly facilitated the analysis of small nucleic acid samples. As little as 1 ng of human genomic DNA can be used to amplify and detect allelic sequence variations (36) . We have modified this approach to include mRNA as the initial template in the amplification scheme. The mRNA is first converted to single-stranded cDNA, which can then be used for enzymatic amplification of sequences between specific primers by using a thermostable DNA polymerase (32, 33) . Diagnostic PCR products are then easily detected by hybridization to amplification-specific oligonucleotides. By this approach we have successfully analyzed four clinical samples (Fig. 3) , three of which were previously diagnosed as Ph'-chromosomepositive CML. Besides concurring with the earlier diagnoses, the analysis provided information that was not known prior to this study. Two of the patients (patients 2 and 4) expressed BCR-ABL mRNA resulting from a fusion ofBCR exon 2 with ABL exon II, while patient 3 had the product resulting from the fusion of BCR exon 3 with ABL exon II. Normal diagnostic procedures cannot distinguish between these two types of BCR-ABL mRNA structures. While the influence of the two BCR exons on the progression or severity of CML is not known, routine use of the RNA-PCR technique should make any such difference far easier to detect.
We also have shown that this amplification protocol can be used to distinguish between the BCR-ABL transcripts present in Ph1-chromosome-positive ALL cells versus CML cells (Fig. 5) . Since the treatment and prognosis of ALL are somewhat dependent on the type of chromosomal abnormality present (9), a facile method of diagnosis would help greatly in this area.
The sensitivity of this method is higher than existing protocols for CML diagnosis. A 1: 105 dilution of 1 ,g of RNA from the Ph'-positive K562 cell line still provided an easily detectable signal in this assay (Fig. 4, slot 6 ). One microgram of RNA is roughly equivalent to the amount contained in the cytoplasm of 100,000 K562 cells (10 pg of cytoplasmic RNA per cell). Thus, the 1:105 dilution contains the RNA from about one K562 cell. Since just 1/10th of the reaction mixture was used for analysis, the positive signal represents the amplified product of less than one cell equivalent. This result demonstrates that diagnosis is feasible even when the leukemic cells are present in extremely small numbers. A similar finding was reported for amplification studies of human DNA from follicular lymphoma cells (37) . The sensitivity of this method was further demonstrated when we were able to correctly identify BCR-ABL messages in a CML sample (patient 4, Fig. 3 Right) that proved refractile to the in vitro kinase assay (24) . To estimate the limits of detection of the kinase assay, K562 cells were serially diluted with Ph'-chromosome-negative HL-60 cells and tested for kinase activity. In this mixing experiment, detection of the P210 BCR-ABL-encoded kinase enzyme required the presence of about 104 K562 cells (S.S.C. and O.N.W., unpublished observations). As described above, the P210 BCR-ABL mRNA can be detected by amplifying the RNA from the equivalent of one cell. Thus, the RNA-PCR method is more than 103 times more sensitive than the kinase assay in detecting the expression of the BCR-ABL gene.
The diagnosis of CML and ALL by amplification and detection of leukemia-specific mRNA sequences has some advantages over other molecular methods. (i) Standard Southern gel analysis requires about 5% of the cells to be leukemic for the detection of deletions and/or translocations in genomic DNA (38) . (it) PCR amplification of coding sequences in genomic DNA requires knowledge of the exonintron structure of the gene, since interruptions of the coding sequence with large introns can make amplification difficult or impossible. In the case of CML and ALL, not only is there a problem of intron sequences, but there is also the added difficulty imposed by the variable BCR-ABL gene structure found from patient to patient. In addition, the breakpoints that occur in the first intron of the ABL gene can arise in a region of up to 200 kb in length (39) . Thus, use of amplification methods to analyze Ph1-chromosome-type translocations in these leukemias requires that mRNA be used as the starting template. (iii) In a sense, the RNA template is already amplified because expression of most genes results in many copies of their mRNAs per cell. The BCR-ABL mRNA can be identified without amplification by using a sensitive RNase A assay (40) , but large numbers of leukemic cells are required for this method and, thus, will not be easy to use routinely. (iv) Finally, the PCR method is applicable to the study of any type of RNA found in the cell, whether it is of normal or abnormal origin. Its use will most certainly include the diagnosis of other cancers and many infectious diseases as well as general studies of the molecular biology of the cell. As proof, while this manuscript was in preparation, two studies were reported in which amplification of RNA sequences was used (i) to determine the mechanism for tissue-specific processing of an apolipoprotein mRNA (41) and (ii) to facilitate cloning of HLA-DQ sequences (42 
